The herpesvirus virion is a multilayered structure consisting of a DNA-filled capsid, tegument, and envelope. Detailed reconstructions of the capsid are possible based on its icosahedral symmetry, but the surrounding tegument and envelope layers lack regular architecture. To circumvent limitations of symmetry-based ultrastructural reconstruction methods, a fluorescence approach was developed using single-particle imaging combined with displacement measurements at nanoscale resolution. An analysis of 11 tegument and envelope proteins defined the composition and plasticity of symmetric and asymmetric elements of the virion architecture. The resulting virion protein map ascribes molecular composition to density profiles previously acquired by traditional ultrastructural methods, and provides a way forward to examine the dynamics of the virion architecture during infection.
The herpesvirus virion is a multilayered structure consisting of a DNA-filled capsid, tegument, and envelope. Detailed reconstructions of the capsid are possible based on its icosahedral symmetry, but the surrounding tegument and envelope layers lack regular architecture. To circumvent limitations of symmetry-based ultrastructural reconstruction methods, a fluorescence approach was developed using single-particle imaging combined with displacement measurements at nanoscale resolution. An analysis of 11 tegument and envelope proteins defined the composition and plasticity of symmetric and asymmetric elements of the virion architecture. The resulting virion protein map ascribes molecular composition to density profiles previously acquired by traditional ultrastructural methods, and provides a way forward to examine the dynamics of the virion architecture during infection.
pseudorabies | virus | heterogeneity | asymmetry | point-spread function H erpesviruses are responsible for a broad range of diseases in humans and other animals. The herpesvirus virion consists of four components: (i) the linear dsDNA genome, (ii) a 125-nm diameter T = 16 icosahedral capsid, (iii) a tegument consisting of more than 20 proteins that surround the capsid, and (iv) a lipid bilayer envelope studded with viral glycoproteins. The fully assembled particle is ∼200-250 nm in diameter and is referred to as the heavy particle (H-particle) (1) . The capsid has been solved to 8.5 Å resolution and a fraction of the tegument that is symmetrically bound to the capsid surface has been solved to 20 Å resolution by cryo-electron microscopy (cryo-EM) reconstruction (2) (3) (4) . The detailed resolution afforded by cryo-EM results from the averaging of many particles that are aligned in silico, based on icosahedral symmetry. However, such studies provide an incomplete picture of herpesvirus virions because unlike some smaller enveloped viruses that project icosahedral symmetry into the envelope proteins, the herpesvirus envelope, and the majority of the tegument mass lack radial symmetry and are not "seen" by cryo-EM (5-7). Our understanding of these variable structural layers predominantly comes from single-particle imaging methods that do not use symmetry-based averaging. In particular, cryo-electron tomography (cryo-ET) has provided insight into the general structure of the outer virion layers, but has not yielded sufficient detail to resolve the organization of the constituent protein components (8) .
Extracellular herpes virions are metastable structures that are triggered by interactions between virion membrane surface proteins and corresponding receptors on the cell, culminating in membrane fusion (9) . Although tegument proteins are critical for postfusion steps in nuclear delivery (10) (11) (12) (13) (14) , their perceived role before cell entry has been as rigid structural elements that bridge the capsid shell to the tails of envelope membrane proteins (15, 16) . However, recent evidence indicates that the tegument may reorganize before membrane fusion (17) (18) (19) . A deeper understanding of the relevance of these internal virion dynamics requires a detailed description of the herpesvirus structure, which has been limited because of its asymmetric architecture and compositional variance. Using an approach that combines advances in recombinant herpesvirus production and singleparticle fluorescence imaging, we mapped the location of viral proteins to subregions within the tegument and envelope and correlated the findings to variance in protein acquisition.
Results
To study herpesvirus structure by fluorescence microscopy, an infectious clone of the alphaherpesvirus, pseudorabies virus (PRV), was modified by homologous recombination to express fluorescent protein fusions to envelope, tegument, and capsid components (20) . All recombinant viruses in this study had mRFP1 (monomeric red fluorescent protein) fused to the N terminus of pUL35: a protein present on the tips of hexons, which are symmetrically distributed on the capsid (21, 22) . Additionally, GFP was fused to 11 structural viral proteins, one nonstructural viral protein, one host protein, or expressed by the virus as an unfused molecule (Table S1 ). Although many fluorophore fusions attenuate virus production, only viruses that propagated to wildtype titers were included in this study.
Herpesvirus particles were observed by infecting pig kidney cells (PK15) with dual-fluorescent PRV at a multiplicity of infection (MOI) of 5 pfu per cell. Eighteen hours postinfection (hpi), 10 mL of culture supernatant was collected, cleared of cell debris, and pelleted through a 10% (wt/vol) Nycodenz cushion (Accurate Chemical). Virions prepared in this method have a particle:pfu ratio below 10, indicating structural integrity is maintained (23) . The viral particles were resuspended in 100 μL of PBS, further diluted 1:50 in PBS, and a 65-μL volume was
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Neuroinvasive herpesviruses cause diseases in humans ranging from cold sores to central nervous system infections. Unlike most icosahedral viruses, herpesvirus capsids are surrounded by protein layers that lack polyhedral architecture. The outer layers are critical for herpesvirus infectivity. Although the disorganized layers are visible by electron microscopy, the protein topography of these layers remains unclear. We fused fluorophores to virus proteins and pinpointed their positions within virions at nanometer resolution. The findings reveal a complex and variable asymmetric architecture, shed light on herpesvirus assembly, and provide a foundation for visualizing viral particle dynamics during herpesvirus infection.
applied to a plasma-cleaned cover glass. Red and green fluorescence was captured using sequential 1.5-s exposures. Fluorescently tagged H-particles produced Airy disks that were consistent with diffraction-limited emissions ( Fig. 1 A and B) . For each recombinant virus, three independent preparations were examined by capturing > 30 image fields each, allowing the analysis of 500-2,000 H-particles per preparation.
GFP-fusion proteins differed in abundance and distribution among H-particles and light particles (L-particles) (Fig. 1 D-O) . L-particles, which lack capsids, are abundantly released from infected cells but are not themselves infectious (1) . Using an image analysis algorithm, individual viral particles were identified based on the emission of diffraction-limited red and green fluorescence. The emission intensities of individual particles were measured and categorized as either H-or L-particles based on the presence or absence of red-capsid signal. This accounting was consistent with previous biochemical characterizations of H-and L-particles (1, 24, 25) . The RFP-pUL35 fluorescence emissions from H-particle populations were Gaussian in distribution, consistent with the copy-controlled incorporation of the protein on the icosahedral capsid surface ( Fig. 2A and Fig. S1 ) (22, 26) . As expected, the distribution and average brightness of RFP-pUL35 did not deviate significantly among the recombinant viruses studied with the exception of the pUL47 sample, which was distinct statistically from pUL25 sample (Fig. 2B) .
Although all H-particles contain tegument and an envelope, we set out to determine how frequently and to what degree specific protein species contribute to these layers. GFP emissions were detected from ≥ 85% of H-particles when fused to any of the 11 structural proteins. In contrast, the majority of H-particles isolated from cells infected with PRV encoding GFP fused to a nonstructural viral protein, GFP-pUL33, were not green fluorescent (Fig. 3A) . The copy number of GFP-tagged proteins in each H-particle was measured as a proportion of the fluorescence intensity of the capsid protein, pUL25 (24, 27, 28) . Acquisition of pUL25 during assembly is copy-controlled, and estimates of pUL25 copy number were previously obtained by cryo-EM (60 copies; 5 per vertex) and immunoblot (estimated within the range of 75 ± 15 to 82 ± 19 copies) (29) (30) (31) . We refined the measurement of pUL25 by comparing the fluorescence of pUL25/GFP to rotavirus (RV) virus-like particles (VLPs), the latter of which invariantly contain 120 copies of GFP (Fig. S2) (32) . GFP emission intensities from RV VLPs and PRV H-particles indicated 77 ± 3 copies of pUL25/ GFP in monofluorescent (green only) virions or 64 ± 2 copies of pUL25/GFP in dual-fluorescent (red capsid) virions. Thus, using a mean value of 70.5 copies of pUL25/GFP as a standard, the specific H-particle incorporation of other observed GFP-tagged viral proteins ranged between 30 and 458 copies with 9.2% uncertainty. pUL35 was not used as the basis of protein estimates because of previous evidence that GFP-tagged pUL35 is present in reduced copy numbers in virions (33) .
Unlike Western blot analysis, which yields average protein copy numbers in virion populations, single-particle fluorescence analysis allowed for quantification of protein variance. We used the coefficient of variation (CV, σ/μ) as an indicator of the heterogeneity of protein acquisition, where σ is the sample SD and μ is the sample mean fluorescence intensity. The CV for pUL25 was 0.48, which provided a baseline for copy-controlled incorporation (Fig. 3C) . In contrast, the amount of unfused GFP incorporated into H-particles was highly variable (CV = 1.3), which may be explained in part by heterogeneity in virion size (34) . Because GFP does not contain motifs that direct assembly into virions, the GFP CV provided a baseline for stochastic incorporation. The CV for tegument proteins ranged between 0.46 (pUL36) and 1.24 (pUS3) and approached, but did not exceed, that of unfused GFP. On the high end, the pUS3 and pUL46 tegument proteins had CV approximating unfused GFP indicating there was no copy control of these proteins despite, at least in the case of pUL46, a high average copy number. The low CV of pUL36 and pUL37 was equivalent to the copy-controlled acquisition of capsid protein pUL25, and was consistent with findings of an immunoblot study of pUL37 incorporation (35) . These findings indicated a degree of flexibility in virion assembly that varied among the tegument proteins.
Nonselective incorporation of GFP in the virion envelope was modeled by fusing GFP to the cellular vesicle-associated membrane protein 2 (VAMP2). As with incorporation of unfused GFP into the tegument, VAMP2 was incorporated into the envelope with greater variance than virally encoded proteins (CV = 2.5), which was suggestive of random incorporation. Of the two envelope glycoproteins that were tagged with GFP, gD and gM, incorporation was more uniform than VAMP2 but lacked the copy control seen with capsid proteins and a subset of the tegument.
In addition to examining H-particles, we quantified the number and intensity of L-particles that were observed from each fluorescent virus. L:H particle ratios were determined by quantifying all green fluorescent puncta that lacked corresponding red capsid fluorescence (Fig. S3 ). We could not determine the total percentage of L-particles that contained a given tegument or envelope protein, because L-particles lacking a GFP-tagged protein would be nonfluorescent. Instead, the relative incorporation of specific tegument protein species into L-particles was normalized to H-particle count. The L:H particle ratio was highly variable between the different dual-fluorescent viruses. Tegument proteins had the highest disparities in L:H-particle ratios. pUL36 and pUL37 were observed in approximately half as many L-particles as H-particles, whereas pUS3, pUL16, pUL46, pUL48, and pUL49 were observed in L-particles more frequently than H-particles.
A comparison of the brightness of green fluorescence in H-and L-particles revealed that the presence of a capsid enhanced the acquisition of a subset of proteins into viral particles (Fig. 4 ). This enhancement was most notable for the pUL36, pUL37, pUL47, and pUL48 tegument proteins, which displayed profiles similar to the H-particle-restricted pUL25 capsid protein (24) . In contrast, pUS3, pUL16, pUL46, pUL49, and gD had overlapping levels of protein incorporation between L-and Hparticles, indicating that capsids played a smaller role in their acquisition. In stark contrast to all viral proteins, capsids did not enhance incorporation of unfused GFP and VAMP2.
The single-particle analysis used to examine virion heterogeneity was next extended to examine protein localization within viral particles. Herpesviruses cannot be spatially resolved by conventional light microscopy. Using a technique derived from fluorescence imaging with one nanometer accuracy (FIONA), we overcame the resolution limit to pinpoint sources of diffractionlimited fluorescence (36) . Displacements between diffractionlimited red (capsid; pUL35) and green emissions provided a first indication that some structural proteins were asymmetrically distributed around the capsid surface. To refine this analysis, H-particles were fit to point-spread functions (PSF) to determine the centroids of fluorescence (Fig. 1C) . The analysis was restricted to images containing five or more H-particles, which allowed for correction of red-green fluorescence alignment resulting from light path aberrations. The corrected distance between the projected red and green fluorescence centroids was converted to a 3D vector to take into account the random orientation of the viral particles on the cover glass.
The displacement of capsid protein pUL25 from the red capsid centroid was below a calculated optical noise threshold of 7 nm (Methods), consistent with the reported radial symmetry of both proteins (Fig. 5) (37, 38) . Two tegument proteins, pUL36 and pUL37, similarly exhibited no measurable displacement from the capsid, indicative of radial symmetry and consistent with a recent report of the pUL36-capsid interface (3). Other tegument proteins, including pUS3, pUL46, and pUL49, were displaced on average by 30-40 nm from the capsid center. Because the capsid is itself 125 nm in diameter, displacements of this magnitude indicated a biased, but not exclusive, localization on one side of the capsid. Based on these displacement values, we conclude that pUS3, pUL46, and pUL49 are components of the tegument cap that was previously observed by cryo-ET reconstruction (8) . Surprisingly, the asymmetric architecture of the herpesvirus H-particle was not limited to the tegument. Although gD and gM are both envelope proteins, they projected strikingly different average displacements from the capsid center.
Discussion
Unlike the structures of many viruses, components of herpesvirus particles have irregular architecture and possess compositional plasticity (39) . For some herpesviruses, this flexibility allows for cell-type-dependent changes in particle composition that specify tropism (40, 41) . Aspects of herpesvirus structural variance also manifest between particles released from the same cell. Hparticles (which include infectious virions) and L-particles (which lack the capsid and viral genome) are readily observed examples of particle variation, but H-particles also display intrinsic heterogeneity (8, 42, 43) . Although there were initial concerns that variations in H-particle appearance could be an artifact of electron microscopy preparative techniques (34), cryo-ET has confirmed that the icosahedral capsid is positioned eccentrically within the surrounding envelope (8, 44) and monitoring the occupancy of specific viral proteins using fluorescent protein fusions has confirmed that herpesvirus H-particles consist of mixed populations (26, 45, 46) . By imaging single-particle fluorescence, we examined a collection of recombinant viruses derived from the neuroinvasive herpesvirus, PRV. All viruses were designed to encode a RFP tag on the outer capsid shell (mRFP1-VP26) to produce a radially symmetric emission source to mark the center of the capsids within H-particles. In addition, each virus-encoded GFP fused to a protein of interest. A panel of 15 dual-fluorescent viruses that propagated to wild-type titers were examined for variance in particle-to-particle protein acquisition and intravirion localization by superresolution positioning relative to the RFP-capsid. The PSF mapping used for superresolution imaging was similar to applications of FIONA and STORM (stochastic optical reconstruction microscopy), but unlike the latter methods red and green PSFs were fit and the displacement of the centroids was measured. This approach did not require stochastic activation of a sparse fluorophore subpopulation in reiterative cycles nor did it yield image reconstruction, unlike STORM. The 7-nm spatial resolution afforded by this method, coupled with the collection of dual-fluorescent recombinant viruses, made probing the asymmetric protein distributions in the 200-to 250-nm viral particles possible. The accuracy of the analysis was strengthened by automated analysis of large datasets. Although viral particles are often analyzed en masse for protein composition, our analysis allowed the traits of individual particles to be compared (47) .
The results reveal how specific protein constituents contribute to particle structure. For example, the pUL36 protein is the only component of the tegument that is known to bind directly to the icosahedral capsid surface in PRV and other alphaherpesviruses (48) . In this study, pUL36 fulfilled all expectations of being a tegument protein located proximal to the capsid; the protein was highly enriched in H-particles, copy-controlled, and symmetrically distributed around the capsid. Multiple isoforms of pUL36 are expressed in infected cells, but only full-length protein is readily incorporated into PRV particles (49, 50) . Consistent with this, placing GFP at either end of pUL36 did not substantially alter the results. Recently, cryo-EM revealed a portion of pUL36 on the capsid surface and showed a symmetric distribution of pUL36 around capsid vertices (3). The results obtained here are consistent with these observations and further indicate that pUL36 is present at all 12 capsid vertices, including the portal vertex. The latter point was debated because the unique portal vertex lacks the major capsid protein, VP5, which is juxtaposed to pUL36 in reconstructions (3, 51) . The pUL37 tegument protein is a binding partner of pUL36 and possessed properties indistinguishable from pUL25 and pUL36 (52, 53) .
Before this study, the tegument was inferred to have an "inner" and "outer" layer based on proximity to membrane or capsid surfaces in infected cells before the final envelopment stage of virion assembly, and these designations were bolstered by results obtained by differential virion extraction (54, 55) . Our findings further support that proteins such as pUL36 and pUL37 fit the traditional inner tegument definition in that the proteins are symmetrically present on capsids and are scarce in L-particles. However, the findings also indicate that, in the strictest sense, inner and outer tegument is an inexact dichotomy. Three tegument proteins (pUL16, pUL48, and pUL47) had medial asymmetries that fell between the radially distributed tegument proteins and the tegument cap group. The pUL16 and pUL48 displacements were consistent with occupation at all but one vertex of the capsid, which could signify absence of these proteins from 4 . Comparison of L-and H-particle protein incorporation. The x axis indicates intensity values expressed as arbitrary fluorescence units. H-particle fluorescence (filled circles) was fit to a normal distribution (solid line), and L-particle fluorescence (empty circles) was fit to a decaying exponential distribution (dashed line). All L-particle decaying exponentials had a goodness of fit R 2 > 0.98. Normal distributions fit H-particle data with R 2 > 0.95, with the exception pUS3-GFP (R 2 = 0.89), pUL46-GFP (R 2 = 0.88), and UL47-GFP (R 2 = 0.92), pUL48-GFP (R 2 = 0.92), and gD-GFP (R 2 = 0.93).
the unique portal vertex (28, 51, 56, 57) . A vertex assignment for pUL16 is attractive because it is a capsid-associated protein, although the molecular interaction linking it to the capsid is not defined (17, 58) . The pUL48 tegument protein is the herpesvirus transactivating factor (α-TIF; VP16), and binds pUL36 (59, 60) . pUL48 was proposed as a candidate for linking tegument proteins proximal to the capsid with those more closely associated with the envelope, which is supported by the current findings (61). The pUL47 displacement was accurately modeled as space filling, and there is evidence for its contribution to both inner and outer tegument layers (61) (62) (63) . Several tegument and envelope proteins had similar virion properties, which included: pUL46, pUL49, pUS3, gM, and VAMP2. Each protein of this group was heterogeneously acquired into H-particles and abundant in L-particles. In addition, capsid displacements within H-particles were statistically indistinguishable (Fig. 5B, light gray bars) . The common displacement of these proteins indicated an intravirion distribution that was not predicted by simple mathematical predictions but was none-the-less consistent with localization to a previously described asymmetric tegument cap (8) . The putative tegument cap proteins are accurately predicted by the space-filling model if the capsidproximal tegument proteins displace the surrounding tegument cap proteins by ∼11 nm from the capsid surface. This model is reasonable given that pUL36 and pUL37 are the largest tegument proteins and collectively amount to an estimated 30 MDa per H-particle.
We were surprised to see that envelope proteins gD and gM had significantly different displacements from the capsid, suggestive of partitioning in the viral envelope. This finding was predicted by the authors of a cryo-ET study of herpesvirus entry into cells, who noted that virions orient at cell surfaces with the tegument dense pole facing away from the cell (18) . The authors suggested that the gD entry receptor is exposed at the entry pole but enmeshed in other proteins elsewhere in the envelope. This interpretation is consistent with our observation. Also of note, the gM protein antagonizes gD-triggered fusion in cell fusion assays, which may indicate that the juxtaposition of gD and gM in the envelope can regulate virion entry into cells (64, 65) . The concept that partitioning of envelope components may modulate virion entry was recently established for HIV using superresolution imaging (66) . In this instance, the envelope of HIV was determined to remodel during virion maturation by clustering the Env protein to one pole, which was essential for efficient HIV entry into cells. Dynamic virion rearrangements are also documented for herpesviruses, and future work will focus on whether maturation or triggering events contribute to herpes entry into cells (17, 19) .
Methods
BAC Mutagenesis. All recombinant PRV strains were derived from the infectious clone pBecker3 as described in Table S1 (20) . The viral genome was engineered to express GFP-fusion proteins by either a BAC-flp or En Passant two-step recombination procedure (46, 67) . The GFP coding sequence was most frequently inserted into a pBecker3 derivative that encodes a mRFP1-pUL35 (RFP-capsid) fusion (68) . Primers used to insert the GFP coding sequence into the PRV genome are listed in Table S2 . Soluble GFP and VAMP2-GFP were inserted as an expression cassette driven by the CMV IE promoter that disrupted the gene encoding the nonessential protein pUS4, as previously described (33, 69) .
Cells and Viruses. Infectious clone DNA was transfected into PK15 cells as described previously (46) . The harvested virus stock was passaged once more through PK15 cells to create a working stock. Titers of working stocks were determined by plaque assay on PK15 cells as previously described (20) . PK15 cells were maintained in DMEM (Gibco) supplemented with 10% (vol/vol) bovine growth serum (BGS; HyClone). Sf9 (Spodoptera frugiperda) cells were grown in Sf-900 II serum free media (Gibco) at 28°C. Sample Preparation. Extracellular viral particle fluorescence was analyzed by collecting supernatants from PRV-infected PK15 cells as previously described (33) . Briefly, PK15 cells in 10 cm dishes were infected with PRV strains at an MOI of 5 pfu/cell and incubated for 18 h in phenol red-free DMEM/F12 media (Gibco) supplemented with 2% (vol/vol) BGS (HyClone). Supernatants were cleared of cell debris with a 10 min 3,000 × g centrifugation. Next, 8 mL of cleared supernatant was underlaid with a 1-mL cushion of 10% (wt/vol) Nycodenz (Accurate Chemical) in PBS in a SW41 centrifuge tube. Samples were centrifuged at 38,500 × g for 60 min. Media and the Nycodenz cushion were aspirated from pelleted virus, which was resuspended in 0.1 mL PBS. For light microscopy, resuspended virus was diluted 1:50 in PBS and 0.07 mL was transferred into a sealed microscope slide chamber with a plasmacleaned No. 1.5, 22 × 22-mm coverslip.
Light Microscopy. Particles were imaged on a Nikon Eclipse TE2000 U widefield fluorescence microscope with a Cascade II camera (Roper Scientific), an apochromat 100× 1.49 numerical aperture (NA) objective, and a Lumen PRO Fluorescence Illumination System (Prior Scientific). GFP was imaged using a 470/40-nm excitation filter and 525/50-nm emission filter; mRFP1 was imaged using a 572/35 nm excitation filter and 632/60-nm emission filter (Chroma Technology Corporation). Both fluorophores were imaged with the same Chroma ET GFP/mCherry polychroic beamsplitter. Green and red fluorescence emissions were sequentially captured using 1.5-s exposures. The digitizer of the Cascade II camera was set to 1 MHz with zero electronmultiplying (EM) gain.
Incorporation of GFP into PRV Virions and RV VLPs. Extracellular PRV pUL25/ GFP with no capsid tag (PRV-GS4379) and PRV pUL25/GFP + RFP-pUL35 (PRV-GS3171) were isolated from infected PK15 cells at 18 hpi, as described above. To make RV VLPs, Sf9 cells were coinfected with two baculoviruses (a generous gift from Annie Charpilienne, Laboratory of Molecular and Structural Virology, Gif-sur-Yvette, France), RV VP2-GFP, and RV VP6, at MOI = 10. Expression of RV VP2-GFP and RV VP6 was sufficient for VLP (GFP-VLP2/6) formation (32) . Sf9 cell supernatants were collected after baculovirusinduced lysis at 3-4 d after infection. RV VLPs were pelleted and imaged identically to PRV. Next, 100 nm TetraSpeck Beads were sonicated, diluted 1:1,000 in PBS, and imaged identically to PRV.
Quantification of Extracellular Particle Fluorescence and Statistical Analysis.
A custom algorithm for the MetaMorph software package (Molecular Devices) was used to quantify fluorescence intensity of individual extracellular virus particles. Briefly, the algorithm identifies multiple diffraction-limited fluorescent puncta consistent with individual virions. Each spot is measured for total fluorescence intensity using a defined region of interest that is constant for all particles and experiments. The algorithm excludes particles with spatial overlap so that the analysis is restricted to single diffraction-limited particles. Automation of the algorithm allowed for quantification of hundreds of particles per sample.
Intensity measurements (red and green) were plotted as bar graphs, which summarize the results of independent experiments performed in triplicate, or as histograms, where the Freedman-Diaconis rule was applied to green H-particle intensity values to independently determine bin sizes for each graph (70) . Nonlinear Gaussian regression was performed in GraphPad Prism 6.0 (GraphPad Software). For L:H-particle ratios, a threshold value of 5,000 gray levels was set for minimum L-particle fluorescence, corresponding with approximately four copies of GFP. Where indicated, one-way ANOVA followed by a post hoc Tukey Test was used to determined statistical differences.
Quantification of Particle Asymmetry. Asymmetry in the distribution of proteins within individual H-particles was attained by measuring the distance between corresponding GFP and RFP emissions. Because H-particles are physically smaller than the spatial resolution afforded by light microscopy, the centroids of GFP and RFP diffraction-limited fluorescence were determined by 2D Gaussian fitting. GFP/RFP image pairs used for heterogeneity analysis were also the source for asymmetry analysis. First, a 512 × 512-pixel image was cropped to isolate the center 300 × 300-pixel region. The cropped image was convolved with a 3 × 3 Gaussian matrix (low-pass filter) and noise in the image was removed with a band-pass filter (71). Otsu's method was next used to select a threshold and create a binary mask of light and dark sections of each image (72) . A second binary matrix was made from local maxima from the original image, which were represented with the value of one. Punctae representing viral particles were analyzed if a single pixel in both matrices had a value of 1. To obtain subpixel spatial positioning of the GFP and RFP emissions, a 7 × 7 matrix was centered at the local maxima of each virus punctae and the centroid of each spectral distribution was identified by 2D Gaussian fitting. The form of the Gaussian was:
Here, A is the peak intensity, I 0 is the background intensity, x 0 and y 0 are the positions, and σ is the radius of each puncta. The analysis was repeated with the corresponding GFP image. From this procedure the locations of each punctum were identified at subpixel resolution. H-particles were defined as punctae that had intensity peaks of RFP and GFP emissions within five pixels.
The displacements of GFP and RFP puncta were nonuniform across the field of view and varied slightly between image pairs, likely as a result of imperfections in the light path. Nonuniformity was corrected based on multiple H-particle displacements in each image pair. Because the random orientation of H-particles on the coverslip results in a zero average displacement between the GFP and RFP centroids, displacements were corrected independently in both the x and y directions with the linear function: x ¼ a þ bx. The value was subtracted from the measured displacement (x − x) for each particle. Any RFP-GFP pairs with displacements larger than three times the SD were not considered H-particles and discarded.
We applied a 3D correction to account for the projection of fluorescence emission from randomly oriented 3D viral particles to a 2D image field. We ran a computer simulation in which two points with displacement r were projected randomly in 3D Cartesian space. The individual x, y, and z components that contributed to displacement r after 100,000 random orientations were determined. Gaussian error to x-and y-component projections was set at 7 nm, based on the displacement of red and green point sources of PRV-GS4848, which expresses mRFP1 and GFP fused in tandem on the N terminus of pUL35. Empirical observations were matched to the output of simulated r values (every 0.1 nm between 0 and 60 nm) and plotted in Fig. 5B . The corrected value never differed by more than 10 nm from the empirical value.
Modeling of Virion Substructure Displacement Measurements. We modeled the capsid as an icosahedron centered at (0,0) with vertices of (0, ±1, ±1.62), (±1.62, 0, ±1), and (±1, ±1.62, 0). To model displacement with GFP absent from one unique vertex, the barycenter shift was determined after deleting 1 of 12 vertices. The displacement of protein at a unique vertex was modeled as the maximum capsid radius, 62.5 nm.
Models of tegument and envelope asymmetry are based on measurements made by Grünewald et al. in cryo-ET of HSV-1, where the capsid center is displaced 15 ± ≅5 nm from the center of the entire virion on average (8) . The centroid of protein filling the space between the capsid and the envelope in an eccentric capsid was modeled by finding the barycenter of a large sphere with a smaller, eccentric inner sphere removed:
where R is the experimental virion radius (88 nm) and r the experimental capsid radius (62.5 nm). To approximate a tegument distribution in a fully offset cap from the capsid, the tegument was modeled as a 35-nm sphere adjacent to the capsid, resulting in a projected displacement of 80 nm, the distance between the center of the two adjacent spheres. An H-particle with homogenously distributed GFP in the envelope will project a 15-nm centroid displacement from the capsid center. However, polar distributions of GFP within the envelope could be modeled by any value up to 114, or the diameter of a virion minus the capsid radius.
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